We demonstrate that systematic errors can be reduced and physical insight gained through investigation of the dependence of free energies for meso-tetraalkylporphyrin self-assembled monolayers (SAMs) polymorphism on the alkyl chain length m. These SAMs form on highly-ordered pyrolytic graphite (HOPG) from organic solution, displaying manifold densities and atomic structures. SAMs with m= 11-19 are investigated experimentally while those with m= 6-28 are simulated using density-functional theory (DFT). It is shown that for m= 15 or more the alkyl chains "crystallize" to dominate SAM structure. Meso-tetraalkylporphyrin SAMs of length less than 11 have never been observed, a presumed effect of inadequate surface attraction. Instead, we show that free energies of SAM formation actually enhance as the chain length decreases. The inability to image regular SAMs stems from the appearance of many polymorphic forms of similar free energy, preventing SAM ordering. We also demonstrate a significant odd/even effect in SAM structure arising from packing anomalies. Comparison of the chain-length dependence of formation free energies allows the critical dispersion interactions between molecules, solvent, and substrate to be directly examined. Interpretation of the STM data combined with measured enthalpies indicates that Grimme's "D3" explicit-dispersion correction and the implicit solvent correction of Floris, Tomasi and Pascual Ahuir are both quantitatively accurate and very well balanced to each other.
Introduction
Self-assembled monolayers (SAM)s of various free-base (C m P) and metal-substituted meso-tetraalkylporphyrins, [1] [2] [3] [4] [5] [6] (M-C m P, Scheme 1) or related octaethyl porphyrins 7 have been observed using scanning-tunneling microscopy (STM) at the interfaces of organic liquids and highly-ordered pyrolytic graphite (HOPG) or Au(111) surfaces, and many of these have also been simulated using a priori computational methods. 1, 4 These SAMs are of particular note as various 2-D polymorphs have been observed for meso-tetraalkylporphyrin SAMs with chain lengths of m = 11 or 13, allowing basic mechanisms driving the production of these SAMs to be investigated under controlled conditions. To date, no such SAMs have been imaged for m < 11, and polymorphism has not been found for m = 12 or m > 13, and many basic questions concerning these phenomena remain to be answered.
Scheme 1. Meso-tetraalkylporphyrins
Formed SAMs respond to dynamic concentration changes only near defects and so are kinetically trapped, 5, 6 an effect now being widely observed. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, qualitative studies indicate that higher porphyrin concentrations drive the formation of denser polymorphs and so we have introduced the hypothesis 1 that the first few seconds of SAM formation are under thermodynamic control. During this time, monolayer domains start to form that henceforth become kinetically trapped, no longer being able to respond to applied stimuli. Free-energy simulations of kinetically trapped SAMs with m = 11 and 13 support this hypothesis. 1 Recently, Mazur and Hipps reviewed this field, concluding that both experimental and computational methods for studying large-scale SAM self assembly are in their infancy, 8 with the need for high-quality calculations as part of experimental studies being identified. 8, 20 Also, the thermodynamics of SAMs formed by hydrophobic interactions is now known to be controlled by a delicate balance of entropy and enthalpy effects. 1, 14 One useful way to investigate this process is by utilizing different solvents 19 as the differential solvation of the SAM, dissolved molecule, and bare surface contributes significantly to these terms.
We show that the problem can be simplified and significant results obtained by exploiting a chemical degree of freedom-the dependence of polymorphism on the chain length m. Focus is on free-energy calculations performed using density-functional theory (DFT) for meso-tetraalkylporphyrin SAMs with m= 6-28 (Scheme 1). Results are compared to observed SAM properties for m= 11, 12, 13, 15, 17, and 19, presenting here the first syntheses and measurement of the m= 15 and 17 species needed to facilitate this chain-length-dependence study.
Known structures are considered for the SAMs on HOPG of Cu(II)-C 11 P 6, 21 in octanoic acid, C 12 P and Zn(II)-C 12 P in ntetradecane, 2,3 C 13 P and Co(II)-C 13 P in 1-phenyloctane, 1 as well as C 19 P in 1-phenyloctane; 4 our new results for C 15 P and C 17 P are also measured in 1-phenyloctane. Hence this data set contains variations in not only the chain length but also in both the solvent and porphyrin metalation. While the differences induced by the solvent variations could be significant and are worthy of investigation, we proceed assuming that, for the properties of interest, these are not as important as the effects induced by varying the chain length. To date, only negligible changes in SAM structure have been observed following metalation by 4-coordinate or 5-coordinate species such as Cu(II), Zn(II), and Co(II). 1, 3, 6 As reversible complexation of O 2 with Co(II)-porphyrin SAMs on HOPG has recently been observed, 22 we synthesise and image SAMs of a Co(III)Cl porphyrin as well. The results verify that the chain-length dependence is the major affect controlling the observed property variations.
The DFT calculations are performed using a dielectric solvation model designed for 1-phenyloctane but characteristic also of 1-octanoic acid and n-tetradecane. 1 Using alternative approaches, simple model calculations have successfully described basic SAM properties, 18, [23] [24] [25] [26] while the most reliable estimates of the effects of solvent structure and entropy have come from molecular dynamics simulations using DFT 27 or empirical force fields. 10, [28] [29] [30] [31] Our a-priori modelling using implicit solvation present a useful intermediary stage in which the large computational expense of molecular dynamics simulations is avoided, allowing the accurate treatment and investigation of key intramolecular, intermolecular, and surface interactions. Being generally applicable and computationally efficient, these methods allow for a wide range of systems to be studied, examining for example the effects of solvent and temperature variations as well as those induced by chemical substitution.
Recently we demonstrated that two quite different DFTbased a priori computational schemes predict the free energies of formation ΔG of SAMs formed by hydrophobic forces to an accuracy of ca. 6 kcal mol -1 compared to rough experimental estimates based on the hypothesis that thermodynamics controls the initial stage of growth of such SAMs. 1 While errors of this magnitude are much larger than those expected for standard chemical modelling, the result is understandable given the large size of the system and an identified large-scale cancellation of binding, entropy, and desolvation terms that result in ΔG having a magnitude that is just 3-10% of its components. While the use of an implicit solvent model and neglect of HOPG lattice relaxation could account for much of the error, systemic improvements of all aspects of the calculations are required for truly accurate predictions. 1 Nevertheless, the current calculations are expected to provide significant insight into the processes driving SAM formation and polymorphism. That calculations performed using two quite different methods yield similar results is reassuring.
One of the electronic-structure methods used is a mixed quantum-mechanical / molecular mechanical (QM/MM) scheme 4 with B3LYP/6-31G* 32,33 describing the porphyrin core and chain kinks, the AMBER force field describing the chain ends and intermolecular interactions, 34 and a specialized force field that has been fitted 35 to experimental thermodynamic data describing the HOPG-alkane interaction. The other method uses the PBE density functional, 36 corrected for dispersion using the D3 method 37, 38 (PBE-D3) to describe all of these explicitly treated interactions. This general approach has proven extremely successful in chemical applications [37] [38] [39] [40] [41] [42] including molecular crystal formation 40 and host-guest interactions. 43 In addition, both the QM/MM and PBE-D3 methods are used in conjunction with the dispersion-force dielectric solvation model of Floris, Tomasi and Pascual Ahuir. 44 While the solvents used do not undergo specific interactions with either the SAM or substrate, the likely presence of multiple small cavities within the SAMs demands that the solvent size be taken into account using solvent-accessible surfaces. 1 The study of polymorphism and its dependence on chain length provides a simple route to the determination of principles controlling SAM formation, and these computational methods have been shown useful by predicting relative polymorph stability. 1 Of the polymorphs observed for tetraalkylporphyrin SAMs, the lowest density form L assembles with all 4 alkyl chains interacting with the HOPG surface while medium-density polymorphs M assemble with two chains bound and two chains dangling into solution. 1, 6 Our experimental analysis for C 11 P, C 13 P, C 15 P, C 17 P, and C 19 P, combined with simulations for C 6 P to C 28 P (Scheme 1) allow for some significant systematic errors to be eliminated through examination of the chain-length dependence of the calculated and measured quantities rather than just their absolute values.
Methods.
The experimental and computational methods used have all been previously described. 1 Also, many subtle issues concerning the calculation methods used and the factors that necessitate them have also been discussed in detail. 45 Briefly, C 15 P and C 17 P were synthesised in gram amounts by the method of Crossley et al.; 46 characterization data is provided in Supporting Information (SI). Three droplets of a 4 mM solution in distilled 1-phenyloctane were deposited on freshly cleaved HOPG (SPI Supplies) using a pipette and STM measurements were conducted in constant-current mode under ambient conditions using a PicoPlus STM (Agilent Technologies), with the STM tips prepared from mechanically cut Pt/Ir (80:20) wire of diameter 0.2 mm (SPI Supplies). STM images are calibrated internally 4 to high accuracy by changing the bias voltage during scans 47 to reveal both substrate and SAM in each image. Results were then averaged over 37 images for C 15 P and 52 images for C 17 P, these images being scanned in different directions to verify the accuracy of the calibration procedure. Co(II)-C 19 P and Co(III)Cl-C 19 P were synthesised from previously prepared 4 C 19 P and characterized (see SI), with deduced lattice parameters averaged over 35 STM scans.
The QM/MM calculations were performed using GAUSSIAN, 48 adding the alkyl-chain to HOPG MM force field 35 using the EXTERNAL command in a standard QM/MM ONIOM 49 calculation. A real-space sum over replicated images of the incommensurate HOPG and SAM lattices is used to treat long-range interactions. Phonon modes are included during evaluation of the zero-point energy, enthalpy, and entropy thermodynamic corrections 50 using a real-space grid of 5 × 5 SAM unit cells. 1 The PBE-D3 calculations were performed using the VASP package. 51, 52 The HOPG was represented using a 4-layer slab model containing a single mesotetraalkylporphyrin molecule per unit cell, with a large vacuum region between slabs. For each sample, the structure of lowest free-energy was selected by optimizing coordinates at 12-15 different SAM lattices constrained to be commensurate with the HOPG. 45 Using a specially modified version of VASP, periodic imaging of the dispersion interactions is not performed in the direction normal to the SAM surfaces, as is required to implement a two-dimensional slab calculation, and not performed at all for "isolated" molecule calculations. All calculations are performed at the gamma-point of the Brillouin zone using the default cuttoff of 300 eV for the plane waves. The thermal corrections evaluated using QM/MM were added to the PBE-D3 binding energies. Only gas-phase structures are generally optimized using either QM/MM or PBE-D3, with solvation energy corrections evaluated only at the resultant optimized structures. For one structure type (later called "Mb"), tight internal cavities made the optimized geometry solvent dependent, and in this case the geometry was optimized in solvent. Automated schemes to perform this task are becoming available in VASP. 53 Details of these solvation-energy calculations, which are based on the solvent-accessible surfaces of the molecule, raw HOGP surface, and SAM, are described elsewhere. 1 Reported net solvation energies are obtained as the difference between the solvation energies of the SAM and the sum of those for the isolated HOPG surface and the dissolved molecule.
1 STM images are simulated from the VASP output using the Tersoff-Hamann approximation 54 at a bias voltage of 0.8 V.
Results and Discussion.
a. Atomic structure of the L polymorphs. Some observed STM images for C 15 P and C 17 P on HOPG in 1-phenyloctane are shown in Fig. 1 and in SI Figs. S1 and S2. In Fig. 1 these images are extracts taken from larger-area images overlayed with fitted SAM lattice vectors (yellow) and calculated atomic structures (red), whereas in the SI Figs. S1 and S2 full DFT simulated images are compared with raw observed ones. The highresolution structure of the chains on the surface is resolved, as is the internal structure in and around the macrocycle rings, facilitating detailed comparison with the calculated images. This comparison allows the identification of the atomic structures of the SAMs with high reliability. Figure 2 shows latticevector definitions appropriate for these SAMs, with their measured and calculated values compared in Table 1 . Good agreement between the QM/MM and observed data is immediately evident. As has been found before, tetraalkylporphyrin SAMs on HOPG have lattice parameters incommensurate with the substrate. 4, 6, 55 Hence accurate calculations are not currently feasible using PBE-D3 as the closest commensurate lattices must be used in the VASP calculations. Nevertheless, the PBE-D3 results support the structural assignments as always the commensurate lattice closest to the observed one is found to have the lowest calculated Gibbs free energy per unit surface area ΔG/A. The observed SAMs for C 15 P and C 17 P correspond to the Lpolymorphs previously observed for C 11 P, 6,21 C 13 P, 1 and C 19 P. 4 For all of these SAMs plus related metallated SAMs, the observed and QM/MM-calculated lattice parameters are shown in Fig. 2 Looking at the structural results in greater detail, the SAM lattice vector b aligns at an angle α = 10-12° from the alkylchain orientation (Fig. 2) and so its length b changes by on average 1.25 Å per CH 2 , half the length of the repeat a The lattice vector lengths a, b, and c, angles θ and φ, and orientation α to the HOPG <1 1 -2 0> lattice vector are defined in Fig. 2 whilst A is the surface-cell substrate area.
b parameters of the lowest free-energy commensurate lattice: the weak dependence of the energy on α therefore cannot be determined whilst the other parameters are only indicative.
unit of the alkane chain. The length a and angle θ between the a and b vectors vary little, indicating that the chain kinks and macrocycle rings always stack together in the same pattern. These properties combine to determine the other observed lattice features: the length of the c vector increases with length but at a slower rate than for b, while the angle φ slowly increases and the covered substrate surface-area A increases by 26 Å 2 per CH 2 . The alkyl chains align nearly parallel to the HOPG <1 1 -2 0> direction, and so the small angle α between this and the b vector slowly decreases with increasing chain length. The calculated lattice properties accurately reproduce all observed features.
b. The chain-length dependence of the L polymorphs. In solution or in the gas phase, the alkyl chains prefer to be straight and to leave the macrocycle plane at an angle of ca. 45° whereas in the SAM they kink near the γ carbon to lie flat on the surface. 4 In L polymorphs, all 4 chains kink this way whereas for M two chains project into the solution instead. Understanding SAM formation and polymorphism thus requires understanding the effects that chain conformation has on the intermolecular attraction, the interaction with the HOPG, the solvent interaction, the entropy, and hence the free energy of formation. 1 
Initially
4 we considered 5 possible structures for the chain kinks of the L polymorph of C 19 P, evaluating only the energy of binding ΔE/n where n is the number of moles of porphyrin in the SAM. One low energy structure, here named La, was found, and indeed this is the structure type shown to depict many observed properties in Figs. 1-2, Table 1 , etc.. The other four alternatives had ΔE/n values less attractive by 11-23 kcal mol -1 and were deemed uncompetitive. Table 2 shows the QM/MM calculated free energies of formation ΔG/n for all 5 structures (here named La-Le) for C 11 P, C 13 P, C 15 P, C 17 P, and C 19 P, revealing that the alternative structures Lb-Le are predicted to be at least 6 kcal mol -1 higher in free energy. It therefore appears that the calculations are capable of predicting the observed polymorph structure as well as simply identifying it-the structures are identified by comparing the predicted lattice parameters and STM images for Lb-Le with experiment, see e.g., Table S1 . Note that the Ld and Le structure series present the alkyl chains with their C-C bond plane perpendicular to the surface whereas La-Lc have the chains parallel; optimized atomic coordinates and pictorial views for all structures are given in SI Sect. S4. Note that a SAM covers a fixed macroscopic surface area and so the critical thermodynamic quantity is not the free energy change per mole of porphyrin ΔG/n (as listed in Table 2 ) but rather the free energy change per unit of surface area ΔG/A. As structures La-Le occupy different substrate surface areas per porphyrin molecule A, these quantities do not necessarily order analogously. In SI Table S5 the free energies are reported alternatively as ΔG/A. We find that no significant order changes occur between the results given in the two tables and hence frame discussions primarily in terms of the more familiar chemical-potential expression ΔG/n. 3 shows the chain-length dependence of the free energies of formation ΔG/n for the La structure of C 6 P to C 28 P calculated using QM/MM and PBE-D3, while Table S7 shows the breakdown of the QM/MM energy into binding, thermal, and desolvation components. SAMs form from solutions at concentrations at least as low as 10 -6 M, implying ΔG/n ≤ -12 kcal mol -1 .
1
The calculations predict significant variation of this quantity with increasing chain length m but currently this cannot be verified. Overall, they appear to underestimate the binding by of order 6 kcal mol -1 . This could arise for many reasons including the neglect of HOPG relaxation (worth of order -1 kcal mol -1 ), use of commensurate lattices in the PBE-D3 calculations (worth up to a few kcal mol -1 ), or simply just errors in the QM/MM, PBE-D3, thermal or solvation contributions. Indeed, from Table S7 we see that the binding energy contributions ΔE/n range from -90 to -290 kcal mol -1 , the thermal corrections from 20 to 70 kcal mol -1 , and the desolvation terms from 60 to 210 kcal mol -1 , indicating that ΔG/n arises from the cancellation of many large contributions. Also the empirical D3 dispersion contribution to ΔE/n is large and critical, ranging from -107 to -324 kcal mol -1 for C 6 P to C 24 P, respectively. Given this, the agreement between the QM/MM calculations, PBE-D3 calculations, and experiment is remarkable.
For longer chain lengths with m > 15, a distinct odd/even effect is evident in Fig. 3 , with the free energies of formation for odd-length chains being calculated to be ca. 3 kcal mol -1 more stable than those of the neighbouring even-length species. This arises because long alkyl chains align in a dense pattern that does not allow ready slippage of the chains. As a result, one of the two sets of chain ends appears compressed compared to the other in the La SAM of even-chained molecules, decreasing SAM stability, as indicated in Fig. 4 . Its effects are still apparent for m = 12 and most likely accounts for the lack of observation of an L polymorph for that molecule. For short chain lengths, the alkyl chain packing no longer dominates SAM structure and the molecules become flexible enough to adapt to chain-length variations. This is particularly apparent in Fig. 4 where the C 6 P SAM is compared to that for C 8 P. Most relevant here is that SAMs have not been observed for chain lengths m < 11, and this was assumed to arise because long alkyl chains were necessary to provide binding. Instead the calculations predict that bonding free energies actually enhance for m < 10, suggesting that a different explanation for the difficulty in assembling SAMs of shorter molecules needs to be found. For SAMs with m > 15, geometrical anomalies become unimportant and the free energies therefore become easier to interpret. Table 3 shows the QM/MM and PBE-D3 chain-length dependences d(ΔG/n)/dm and their components, with the primary source of each component identified. The interporphyrin and porphyrin to HOPG contributions are predicted to lead to stronger binding by -2.8 and -6.4 kcal mol -1 per increase in chain length, respectively, opposed by entropy-dominated thermochemical contributions and desolvation contributions of 2.4 and 6.6 kcal mol -1 , respectively, giving a small net increased stabilization of just -0.3 kcal mol -1 . Based upon the hypothesis that thermodynamics controls the initial stage of SAM growth, if the observed value is taken to be roughly 0±1 kcal mol -1 and the error is associated all with the dispersive solvation energy, 44 its accuracy can be estimated as ±15 %. From the DFT results, the PBE functional is seen to increasingly oppose binding by 1.4 kcal mol -1 per increase in chain length whilst its D3 correction favours it at -10.8 kcal mol -1 , giving a net slope of d(ΔG/n)/dm = -0.5 kcal mol -1 . The D3 contribution would therefore also appear to be accurate to ±15 %. This is an upper bound to the likely D3 error as it embodies significant limitations in the observed data quality as well as in the other properties contributing to its interpretation. This is an astonishing result given the nature of the experimental data from which it was obtained.
c. The chain-length dependence of the M polymorphs. M polymorphs have been observed for C 11 P in 1-octanoic acid, 6, 21 C 12 P in n-tetradecane, 2,3 and C 13 P in 1-phenyloctane, 1 involving different atomic structures named here Ma, Mb, and Mc, respectively. 1 This behaviour is in stark contrast to that for the L polymorphs for which only the La structure has been observed, independent of the chain length. To understand this complexity we optimized 40 conceived SAMs of C 11 P, C 12 P, and C 13 P using QM/MM. These initial structures were obtained following a systematic grid search of possible macrocycle ring orientations, kink structures associated with the two chains that lie parallel to the surface, and related distortions of the other two alkyl chains, constrained to the very restrictive requirement that all variables must combine to produce a surface-covering SAM. 1 They relaxed to at most 22 unique SAM structures (named MaMv) for which pictorial views and coordinates are provided in SI Sect. S4, with a key examples of each of the low-free-energy forms Ma-Mh highlighted in Fig. 5 . The torsional angle sets for the chains not lying flat on the surface direct them to either rise quickly into solution or to turn and lie on top of either the porphyrin macrocycles or else the alkyl chains of neighbouring molecules, with 9 sets of these variables being identified as producing chemically feasible patterns. Of the 22 optimized structures per sample, only Ma for C 11 P, Mb for C 12 P, and Mc for C 13 P displayed lattice vectors (see SI Tables S2-S4 ) and internal STM-image structures consistent with experiment, while in addition for C 11 P and C 13 P, only those structures can account for features revealed at L-M polymorph interfaces. 1 Structures for the 8 nominally lowest-energy structure types Ma-Mh were also optimized (at commensurate geometries) by PBE-D3, producing analogous results.
For the QM/MM and (where available) PBE-D3 methods, Table 4 reports the free energies of formation ΔG/n for each SAM, while SI Table S6 compares these to ΔG/A, verifying that the basic pattern is maintained. Table S8 shows ΔG/n decomposed into binding, thermochemical, and desolvation contributions. While in detail the predictions of the QM/MM and PBE-D3 calculations significantly differ, the same basic qualitative scenario for M-polymorph formation is depicted: multiple low-energy structures are possible, the number of these structures increases as m decreases, and no consistent pattern emerges for the change in ΔG/n as m varies. Local structural effects specific to each particular chain length combined with each particular chain conformation and orientation therefore dominate SAM formation. Indeed, the 8 molecular arrangements depicted in Fig. 5 each include identifyable attract- tive interactions between SAM components, but they manifest in each example mostly by different means. Further, it is not just these visually obvious changes in the attractive forces that control the free energies but also the differential solvation and entropy terms change significantly for each structure type. Large changes to these contributing terms cancel each other out, making the net free energy changes small. This effect explains the difficulty in observing ordered SAMs by STM for chain lengths with m < 11 as long-range order is difficult to achieve when many strikingly different molecular configurations can all absorbe with similar free energy. If the attraction between the molecule and surface becomes too weak, then molecules fail to stick to the surface at all. However, the identified scenario is one in which molecules continue to stick to the surface but lose the ability to order into a stable lattice. As STM images take of order 1 m to measure, images are only measured when the SAMs remain locked into one configuration for long periods. Inability to observe SAMs is therefore a kinetic effect, one that can only be manifested when many possible configurations share similar binding free energies.
Examining the predicted results in greater detail, the QM/MM method appears to overstabilize Mb, incorrectly predicting that it forms the lowest-energy M polymorph for C 11 P and C 13 P instead of just C 12 P. PBE-D3 correctly predicts Mc to be the most stable structure for C 13 P but Mg and Me are incorrectly predicted to be lower in free energy than Ma and Mb by 0.7 and 0.5 kcal mol -1 , respectively. Such differences are far below the expected accuracy of the computational method. Similarly the QM/MM method ranks the observed structure as either the most favoured or else the second most, but the free energy gaps increase to up to 4 kcal mol -1 , a more realistic estimate of the shortcomings of the calculations.
Conclusions.
Synthesis, characterization, and a priori modelling of mesotetraalkylporphyrin SAMs on HOPG as a function of alkyl chain length has revealed basic understanding of the factors controlling polymorphism, challenges for the experimental characterization of SAMs, and provided insight into computational models and their accuracy. L-type polymorphs are found to dominate SAMs of longer chain-length molecules, with calculations predicting that these become progressively more stable as the chain length increases. For chain lengths m > 15, a "crystallization" of the alkyl chains occurs, allowing this feature to determine SAM structure in an ordered and predictable way. For shorter chains, the structure can rearrange to accommodate specific chain-length and chain-orientation effects, maintaining unexpected stability for the L polymorph whilst also facilitating production of M polymorphs of many forms. An odd/even effect destabilizes the L polymorph of C 12 P, making its M variant more stable. Difficulty in imaging regular SAMs by STM for m < 11 is interpreted as arising through chaotic competition between many geometrically dissimilar structures preventing ordering rather than to intrinsically weak binding.
While the calculated free energies of formation are similar to observed ones and the likely errors in the calculations are expected to exceed these differences, predictions of critical SAM properties can now be made that rival the quality of experimentally determined properties. As these properties control SAM formation and polymorphism, better experimental methods are required for measuring free energies, and free-energy components such as enthalpies and entropies, for SAM formation. This presents a significant challenge as fully formed SAMs of these porphyrins are under kinetic rather than thermodynamic control. [5] [6] [7] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Previously we have hypothesised that thermodynamic control dominates the initial few seconds of SAM self assembly. 1 Using this assumption, herein we are able to explain all the known qualitative properties of SAM formation. However, the calculations also provide quantitative predictions of the effects of thermodynamic control that could be tested when advances in experimental techniques make this feasible. Exploitation of the recently discovered 22 ability of Co(II) porphyrins on HOPG to complex O 2 , based on our predicted SAM structures may present such an opportunity.
It is striking that two very different computational methods, a QM/MM one including empirical force fields and PBE-D3, predict very similar properties for the chain-length dependence of SAM formation and polymorphism. Yet in many ways these methods can be improved. Critical to both is the use of the very simple surface-area and solvent-density based solvent dispersion formula of Floris et al., 44 which from the presented results appears to be accurate to at least 15%. The QM/MM method has the advantage of computational efficiency and the ability to treat incommensurate SAMs. While in principle PBE-D3 can be applied directly to evaluate thermodynamic corrections to the free energy 56 even in solution 53 application to tetraalkylporphyrin and similarly sized SAMs remains impractical. Nevertheless, PBE-D3 is generally applicable and connects with state of the art methods used across chemical research, suggesting that one day it may become also a standard standalone tool for investigating hydrophobic SAMs and other forms of large-scale self assembly such as polymer and protein folding.
A general problem with calculations, however, is the generation of initial structures for consideration. Here 40 possibilities for the M polymorphs were generated by systematically sampling the major torsional variables that had been manually identified as controlling the overall SAM structure. Fully automated methods are needed, however, either by full space sampling 57,58 or else perhaps like those used in protein-structure conformational searching. [59] [60] [61] The large number of possible conformational variants is a feature common to SAMS of large molecules and to proteins, with automated approaches such as molecular dynamics simulations not guaranteed to provide escape from deep local minima. In particular, the Mc structure for C 13 P has unique orientational properties not shared by any other optimized structures (see Fig. 5 and SI Sect. S4) and yet provides a sharp but very deep local minimum structure that could only be found by some robust conformational search algorithm.
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